Atopic dermatitis (AD) is a common allergic inflammatory skin disease caused by a combination of intense pruritus, scratching, and epicutaneous (e.c.) sensitization with allergens. To explore the roles of IL-21 and IL-21 receptor (IL-21R) in AD, we examined skin lesions from patients with AD and used a mouse model of allergic skin inflammation. IL-21 and IL-21R expression was upregulated in acute skin lesions of AD patients and in mouse skin subjected to tape stripping, a surrogate for scratching. The importance of this finding was highlighted by the fact that both Il21r -/-mice and WT mice treated with soluble IL-21R-IgG2aFc fusion protein failed to develop skin inflammation after e.c. sensitization of tape-stripped skin. Adoptively transferred OVA-specific WT CD4 + T cells accumulated poorly in draining LNs (DLNs) of e.c. sensitized Il21r -/-mice. This was likely caused by both DC-intrinsic and nonintrinsic effects, because trafficking of skin DCs to DLNs was defective in Il21r -/-mice and, to a lesser extent, in WT mice reconstituted with Il21r -/-BM. More insight into this defect was provided by the observation that skin DCs from tape-stripped WT mice, but not Il21r -/-mice, upregulated CCR7 and migrated toward CCR7 ligands. Treatment of epidermal and dermal cells with IL-21 activated MMP2, which has been implicated in trafficking of skin DCs. These results suggest an important role for IL-21R in the mobilization of skin DCs to DLNs and the subsequent allergic response to e.c. introduced antigen.
Introduction
IL-21, a pleiotropic cytokine derived from activated CD4 + T cells and NKT cells (1, 2) , belongs to the family of common γ (γ c ) chaindependent cytokines. The IL-21 receptor (IL-21R) consists of the IL-21Rα chain and the γ c chain and is expressed on T cells, NK cells, NKT cells, B cells, DCs, and macrophages as well as on nonhematopoietic cells, including keratinocytes and fibroblasts (3) .
IL-21 has previously been reported to inhibit IFN-γ production by developing Th1 cells (4) and to synergize with IL-15 to enhance the production of IFN-γ by T cells (5, 6) . However, Th1 cytokine production after anti-CD3 stimulation in vitro or antigen immunization in vivo is intact in Il21r -/-mice (7). Il21r -/-mice have normal numbers of Th2 cytokine-producing T cells and normal cytokine production in the spleen in response to parasitic infection and i.p. immunization with antigen (8, 9) . However, following airway antigen challenge, Th2 cells accumulate poorly in the lungs, but normally in draining LNs (DLNs), of Il21r -/-mice (8, 9) . This is associated with impaired granuloma formation in response to parasitic infection and decreased airway inflammation in response to antigen inhalation challenge. IL-21 cooperates with TGF-β to promote the generation of Th17 cells independently of . IL-21 promotes the expansion and maturation of NK cells and enhances their cytolytic function against a wide spectrum of targets (13) (14) (15) . IL-21 produced by NKT cells enhances, in an autocrine fashion, NKT cell survival and proliferation as well as cytokine production (2) . IL-21 promotes B cell differentiation by synergizing with BAFF and enhancing CD40 induction of activation-induced deaminase and Blimp1 (16) . However, IL-21 inhibits IgE production by inhibiting Cε germline transcription and IgG1 + B cells from switching to IgE (17) . Consequently, Il21r -/-mice have elevated levels of IgE but decreased levels of other Ig isotypes (7) .
Atopic dermatitis (AD) is a pruritic allergic inflammatory skin disease that affects more than 15% of children (18) . Acute AD skin lesions are characterized by epidermal and dermal thickening, by dermal infiltration of CD4 + T cells and eosinophils, and by local expression of Th2 cytokines (19) . Epicutaneous (e.c.) sensitization with allergens plays an important role in the pathogenesis of AD. Approximately 80% of patients with AD are sensitized to allergens, as evidenced by elevated serum total IgE levels with specific IgE antibodies to environmental and/or food allergens (19) . Application of allergens to the abraded uninvolved skin of patients with AD provokes an eczematous rash with eosinophilic infiltration (20) . A hallmark of AD is dry, itchy skin, likely caused by defects in skin genes that are important for maintaining skin barrier function and turgidity (21) . More than 10% of patients with AD have a heterozygous loss-of-function mutation in the epidermally expressed filaggrin gene, which is important for skin barrier function (22) . Intense pruritus and the resulting scratching cause mechanical skin injury, which further increases skin permeability to allergens and leads to the release of cytokines and chemokines, promoting a Th2-dominated allergic response (23) .
Prompted by the observation that IL-21 and IL-21R are highly expressed in skin lesions of AD patients, we used a mouse model of allergic skin inflammation elicited by repeated e.c. application of OVA to tape-stripped skin, which mimics many features of AD (24, 25) , to examine the role of IL-21/IL-21R interactions in the inflammatory response to e.c. introduced antigen. We demonstrate that IL-21/IL-21R interactions play a critical role in allergic skin inflammation to e.c. introduced antigen by promoting the migration of skin DCs to DLNs and the subsequent elicitation of an immune response.
Results

IL-21 and IL-21R protein expression is upregulated in skin lesions of human AD. Expression of IL-21 and IL-21R protein was examined
by immunohistology in skin lesions from patients with active AD and in skin from healthy controls. Both proteins were evident in AD skin lesions. IL-21 was expressed by mononuclear leukocytes that infiltrate the dermis and was weakly detected in the epidermis of AD skin lesions, particularly in areas with more severe acute eczematous changes (Figure 1 ). IL-21R expression was observed not only in epidermal keratinocytes of AD skin lesions, but also along the dermal/epidermal junction in a granular expression pattern. In contrast, IL-21 protein expression was not detected in normal skin, and only weak IL-21R expression was seen. Cutaneous expression of IL-21 and IL-21R was scored semiquantitatively as described in Methods, and statistical analysis revealed significantly increased expression of IL-21 and IL-21R protein in AD skin lesions compared with normal skin (Figure 1) .
IL-21 and IL-21R are expressed in normal mouse skin, and their expression is upregulated by tape stripping. Mechanical injury induced by scratching dry, itchy skin underlies human AD. We asked whether mechanical injury upregulates IL-21 and IL-21R expression in normal skin. Tape stripping of mouse back skin was used to mimic mechanical injury inflicted by scratching. Figure 2A shows that Il21 mRNA levels were upregulated 2-fold in mouse skin 8 h after tape stripping. Tape stripping caused robust and sustained upregulation
Figure 1
IL-21 and IL-21R expression is upregulated in skin lesions of acute AD patients and following mechanical skin injury. IL-21 and IL-21R protein expression in skin from a healthy control (HC) and in an acute skin lesion from a patient with AD. Original magnification, ×200; ×400 (highermagnification panels). For the patient with AD, the left side of the biopsy shows a more active skin lesion than does the right side. Cutaneous expression of IL-21 and IL-21R in 7-9 AD patients and 5 healthy controls was scored semiquantitatively as described in Methods. Each point represents a patient; horizontal bars denote means.
of Il21r mRNA levels in skin (Figure 2A ). There was also modest, but significant, 3-fold upregulation of Il21 mRNA levels, and robust upregulation of Il21r mRNA levels, in shaved skin after painting with a 1:1 ratio of acetone/dibutylphthalate, the vehicle used for FITC sensitization ( Figure 2B ). IL-21 is expressed by CD4 + T cells after antigen receptor stimulation and also after IL-6 stimulation (10) (11) (12) . Figure 2C shows that tape stripping strongly upregulated IL-6 expression in the skin. CD4 + cells constitute a minority of skin cells; however, the skin is rich in mast cells. We found that Il21 mRNA was expressed in BM-derived mast cells (BMMCs), which consisted of greater than 99% FcεRI + cells (Figure 2 , D and E). Mast cells are activated by cross-linking of their high-affinity IgE receptor FcεRI, but also by the keratinocyte-derived cytokine thymocyte stromal lymphopoietin (TSLP). TSLP expression in skin is upregulated by mechanical injury and by painting shaved skin with acetone/dibutylphthalate (S. Ziegler, unpublished observations). Both FcεRI ligation and TSLP administration upregulated Figure 2E ). These results suggest that both T cells and mast cells may contribute to increased expression of Il21 mRNA in skin after tape stripping.
Il21 mRNA expression in BMMCs (
IL-21R is required for allergic skin inflammation and for the systemic response induced by e.c. sensitization with OVA. Tape stripping of the skin is critical for successful e.c. sensitization with protein antigen, because OVA sensitization of shaved, unstripped skin of WT mice and skin of hairless mice did not result in a systemic response to OVA (data not shown). To determine whether IL-21R is important for e.c. sensitization, we examined the response of Il21r -/-mice to e.c. application of OVA on tape-stripped skin. As was shown previously (24) , OVA sensitization of the skin in WT Balb/c mice led to epidermal and dermal thickening as well as marked infiltration of the dermis with CD4 + T cells and eosinophils ( Figure 3, A and B) . In contrast, there was no detectable epidermal or dermal thickening and weak infiltration of CD4 + T cells and eosinophils in the dermis of OVA-sensitized skin of Il21r -/-mice. Expression of mRNA for the chemokine CCL17/ TARC, a ligand for CCR4, which is expressed on skin homing T cells, was significantly upregulated in OVA-sensitized skin from WT mice, but not Il21r -/-mice ( Figure 3C ). OVA sensitization led to a significant upregulation of CCL11/eotaxin-1 mRNA in skin of WT mice, but not Il21r -/-mice ( Figure 3C ). As we previously reported (24, 26) , e.c. sensitization with OVA caused upregulation of IL-4 and IL-13, but not IFN-γ, mRNA in the skin of WT Balb/c mice ( Figure 3D ). In contrast, there was no detectable upregulation of IL-4, IL-13, or IFN-γ mRNA in OVA-sensitized skin of Il21r -/-mice. These results demonstrate that IL-21R is essential for the development of allergic skin inflammation induced by e.c. introduced allergen. Il21r -/-mice mounted a significantly diminished cutaneous hypersensitivity response to skin painting with the hapten oxazolone, as evidenced by significantly decreased ear swelling in response to ear skin challenge with oxazolone 24 and 72 h after challenge (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI32310DS1), which suggests that Il21r -/-mice also have a defective response to cutaneously applied haptens.
Defective systemic response to e.c. sensitization in Il21r -/-mice. We assessed the systemic immune response to e.c. introduced OVA. Splenocytes from e.c. sensitized WT mice proliferated and secreted IL-4, IL-13, and IFN-γ in response to in vitro stimulation with OVA ( Figure 4, A and B) . In contrast, splenocytes from OVA-sensitized Il21r -/-mice failed to proliferate and to secrete cytokines in response to OVA stimulation. WT Balb/c mice developed OVAspecific IgG1, IgG2a, and IgE antibodies following e.c. sensitization. In contrast, Il21r -/-mice mounted virtually no OVA-specific IgG1 and IgG2a antibody responses to e.c. sensitization, and their IgE anti-OVA response was severely diminished ( Figure 4C ). These results suggest that the absence of IL-21R impairs the development of a systemic response to e.c. sensitization.
Il21r -/-DCs function normally in vitro, in contrast to impaired accumulation of adoptively transferred OVA-TCR transgenic WT T cells in DLNs of Il21r -/-mice. Splenic DCs from
Il21r -/-mice are known to support T cell activation and proliferation normally (9) . However, to our knowledge, the ability of DCs from skin DLNs of these mice to stimulate T cell proliferation and cytokine secretion has not yet been investigated. Il21r -/-mice displayed no differences in DC subset composition in the steady state in ear skin, DLNs, and spleens, as determined by analysis of CD11c + populations for MHC class II, CD11b, Langerin, CD19, and B220 markers (Supplemental Table 1 and data not shown). Furthermore, the percentage of CCR7 + CD11c + DCs in skin DLNs was comparable in WT and Il21r -/-mice (Supplemental Figure 2) , which suggests that the previously demonstrated baseline trafficking of skin DCs to DLNs (27) is independent of IL-21R signaling. Figure 5A shows that DCs from skin DLNs of Il21r -/-and WT mice were comparable in their ability to stimulate proliferation and secretion of Th2 and Th1 cytokines by DO11.10 WT T cells in the presence of OVA peptide. Similar data were obtained with OVA protein (data not shown). These results indicate that DCs from skin DLNs of Il21r -/-mice are intrinsically normal in their ability to process antigen and activate T cells.
Initiation of an immune response involves capture of antigen by tissue DCs and their subsequent activation and migration to DLNs, where they present antigenic peptides to circulating antigen-specific naive CD4 + T cells, which then proliferate locally before reentering the circulation (28) . To examine whether the defective response of Il21r -/-mice to e.c. sensitization involved defective interaction between DCs and T cells in vivo, we examined the ability of Il21r -/-mice to support the expansion of adoptively transferred WT TCR-OVA transgenic T cells in DLNs of OVA-sensitized skin. Naive CD4 + DO11.10 WT cells were adoptively transferred into WT or Il21r -/-recipients, immediately followed by e.c. sensitization with OVA or saline on the tape-stripped skin. Skin DLNs were analyzed 4 days later for accumulation of CD4 + KJ1.26 + cells. Figure 5 , B and C, show that both the percentage and the total number of CD4 + KJ1.26 + cells increased in DLNs of OVA-challenged skin compared with DLNs of saline-challenged skin in WT recipients. This accumulation was associated with cell division, as demonstrated using CFSE-loaded cells (data not shown). Accumulation of CD4 + KJ1.26 + cells was drastically reduced in DLNs of OVA-challenged skin in Il21r -/-recipients. As previously reported (7), the total number of CD4 + cells and DCs in Il21r -/-DLNs was comparable to that in WT DLNs (data not shown).
Impaired trafficking of skin DCs to DLNs. A possible explanation for the defective response of Il21r -/-mice to e.c. sensitization is that skin DCs from these mice could be impaired in their ability to migrate to DLNs after antigen capture. To directly test this hypothesis, we painted the shaved dorsal skin of mice with the hapten FITC, and 24 h later examined inguinal DLNs for the presence of CD11c + FITC + cells, which likely represent recent skin DC emigrants. A similar defect in the migration of CD11c + FITC + DCs to DLNs was observed when FITC was painted on shaved and tape-stripped skin (Supplemental Figure 3A) . CD11c + FITC -DCs in these DLNs had a higher background MFI than did CD11c + FITC -DCs from DLNs of FITC-painted unstripped skin, possibly because of greater access of FITC to lymphatic ducts of tape-stripped skin. Defective migration of DCs from stripped skin to DLNs was supported by the observation that there was significantly more DC retention in the tape-stripped skin of Il21r -/-than WT mice (Supplemental Figure 3B) .
Decreased DC trafficking in Il21r -/-mice was not caused by a reduction in the number of DCs in the skin, as the percentage and absolute number of CD11c + MHC class II + cells in ear epidermis and dermis were comparable in Il21r -/-and WT mice ( Figure 6 , E and F). Surface expression of CD83, CD86, MHC class II, and CD40 was upregulated on CD11c + FITC + DCs compared with CD11c + FITC -DCs in DLNs of WT mice (data not shown). Expression of these activation markers was comparable in CD11c + FITC + DCs from Il21r -/-mice and WT controls (Supplemental Figure 4) . These results suggest that IL-21R plays an important role in the migration of antigen-presenting DCs from skin to DLNs, but not in their expression of activation markers.
The defect in migration of skin DCs in Il21r -/-mice involves cell-autonomous and non-cell-autonomous components. To determine whether the defect in DC trafficking was cell autonomous, we examined the trafficking of skin DCs in chimeras in which BM from CD45.2 + WT or Il21r -/-donors was used to reconstitute lethally irradiated CD45.1 + recipients, all on the C57BL/6 background. We first confirmed that trafficking of CD11c + FITC + DCs from skin to DLNs significantly decreased in C57BL/6 Il21r -/-mice, as in Balb/c Il21r -/-mice ( Figure 7A ). Analysis of spleens from BM chi- Values are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT. meras 9 weeks after reconstitution revealed that greater than 95% of CD11c + cells ( Figure 7B ) as well as T cells and B cells (data not shown) were donor derived. Analysis of skin DLNs in WT recipients revealed that greater than 85% of DCs were donor-derived CD11c + CD45.1 -cells ( Figure 7C, top) . This level of reconstitution of DCs in DLNs of BM chimeras is consistent with a recent report (29) . The remaining recipient-derived cells were likely radio-resistant Langerhans cells (30) .
After FITC painting, the fraction of FITC + cells among CD11c + DCs of donor and recipient origin was comparable in DLNs of WT→WT chimeras ( Figure 7C, bottom) . In contrast, the fraction of FITC + cells among CD11c + DCs of donor (Il21r -/-) origin in Il21r -/-→WT chimeras was less than that found among DCs of recipient (WT) origin. Figure 7D shows that the number of donorderived CD11c + FITC + DCs that accumulated in DLNs was significantly less in Il21r -/-→WT chimeras than in control WT→WT chimeras. These results suggest that Il21r -/-DCs have an intrinsic defect in their ability to traffic from skin to DLNs. However, the reduction in the number of CD11c + FITC + cells was less pronounced in the IL21r -/-→WT chimeras than in Il21r -/-mice (40.4% ± 6% versus 70.9% ± 9% reduction, n = 3; P < 0.05), which suggests contribution by nonhematopoietic cells to the DC trafficking defect in Il21r -/-mice. We were unable to examine DC trafficking in Il21r -/-C57BL/6 recipient chimeras in this study because Il21r -/-C57BL/6 mice have failed to breed in our facility.
Impaired expression of CCR7 by skin DCs and impaired MMP2 activation in the epidermis following mechanical injury in Il21r -/-mice.
Mobilization of DCs requires expression of CCR7, the receptor for the chemokines CCL19 and CCL21, which are expressed by high endothelial venules and stromal cells in LNs (27, 31) . CD11c + cells from unmanipulated ear skin of Il21r -/-mice and WT controls had no detectable baseline surface expression of CCR7 and comparable baseline mRNA expression (Figure 8, A  and B) . Upregulation of CCR7 in skin CD11c + cells was observed 6-8 h after tape stripping in ears of WT but not Il21r -/-mice ( Figure 8, A and B) , but was no more evident at 24 h (data not shown), possibly because DCs that expressed CCR7 have migrated to DLNs. FITC + DCs in tape-stripped skin of Il21r -/-mice upregulated the activation markers CD83, CD86, MHC class II, and CD40 normally (Supplemental Figure 5A) , which suggests that IL-21R signaling is not important for maturation of skin DCs. The influx of CD11b + Gr1 + neutrophils into tape-stripped skin was comparable in Il21r -/-mice and WT controls (Supplemental Figure 5B ), while influx of CD4 + cells was undetectable in both strains (data not shown). Thus activated DCs that failed to emigrate from the skin of Il21r -/-mice did not result in increased influx of neutrophils or CD4 + T cells.
Consistent with failure to upregulate CCR7, in vitro migration of CD11c + cells isolated from skin 6-8 h after tape stripping of ear skin toward CCL19 and CCL21 was significantly reduced in Il21r -/-mice ( Figure 8C ). Expression of CXCR4 and migration toward CXCL12 by DCs from tape-stripped ear skin were comparable in Il21r -/-and WT mice (Figure 8, A-C) . Incubation with IL-21 for 24 h failed to cause detectable upregulation of CCR7 expression on CD11c + cells isolated from ear skin or on BM-derived DCs (BMDCs; data not shown). The biologic activity of the IL-21 preparation was validated by demonstrating its proapoptotic effect and CD23-downregulatory effect on LPS- activated B cells (data not shown). These results suggest that mechanical injury by tape stripping upregulates CCR7 expression on skin DCs in an IL-21R-dependent, but indirect, manner that is likely to involve other skin cells.
MMP2 and MMP9 are expressed by skin Langerhans cells, dermal DCs, keratinocytes, and fibroblasts (32) . Furthermore, migration of DCs from skin to regional LNs is dependent on the activation of MMP2 and MMP9 (33, 34) . IL-21 upregulates the secretion of MMPs by human fibroblasts without affecting gene transcription or protein synthesis (35) . We did not detect mRNA or protein changes of MMP2 or MMP9 by IL-21 in single-cell suspensions of epidermis and dermis. However, IL-21 activated the enzymatic activity of MMP2, but not MMP9, in single-cell suspensions from epidermis and dermis of WT mice, but not Il21r -/-mice ( Figure  8D ). IL-21 had no detectable effect on the expression or activation of MMP2 by BMDCs (data not shown).
Administration of soluble IL-21R-IgG2aFc fusion protein inhibits the response to e.c. sensitization and DC trafficking. Lack of IL-21R could
have unknown effects on the development and maturation of immune cells in Il21r -/-mice. We therefore examined the effect of soluble IL-21R-IgG2aFc fusion protein (IL-21R:Fc) on the development of allergic inflammation. IL-21R:Fc was previously shown to effectively block IL-21 function in vivo (8, 36) . Mice received IL-21R:Fc or irrelevant IgG2a mAb i.p. 3 times per week throughout the 7-week period of e.c. sensitization. Allergic skin inflammation was significantly reduced in OVA-sensitized skin of mice that received IL-21R:Fc, but not in mice that received control IgG2a, as evidenced by a significant decrease in the number of infiltrating CD4 + T cells and eosinophils ( Figure 9A ) and in the expression of the Th2 cytokines IL-4 and IL-13 ( Figure  9B ). Treatment with IL-21R:Fc inhibited the systemic response to e.c. sensitization, as evidenced by significantly decreased IgG1 and IgG2a, but not IgE, antibody responses to OVA compared with control-treated mice ( Figure 9C ). Splenocytes from IL-21R: Fc-treated mice proliferated and secreted IL-4, IL-13, and IFN-γ in response to in vitro OVA restimulation significantly less than did splenocytes from control-treated mice ( Figure 9 , D and E, and data not shown).
We also examined the effect of IL-21 signaling blockade on the trafficking of skin DCs. Administration of IL-21R:Fc by the i.p. route or by local intradermal (i.d.) injection 24 h before FITC painting significantly inhibited the migration of CD11c + FITC + DCs to skin DLNs compared with administration of control IgG2a (Figure 9F ). This result suggests that inhibition of e.c. sensitization by IL-21R:Fc involved disruption of trafficking of skin DCs, as we observed in Il21r -/-mice. 
Discussion
Our study demonstrates that absence of IL-21R results in defective migration of antigen-presenting DCs from skin to DLNs, defective immune response to antigen introduced e.c., and reduced skin inflammation. IL-21 and IL-21R protein expression was not detectable or negligible in normal human skin. In contrast, IL-21 protein was strongly expressed in mononuclear cells that infiltrate the dermis in skin lesions from AD patients and was also associated with keratinocytes, possibly because it was bound to its receptor on these cells. IL-21R protein was strongly expressed by keratinocytes in AD lesions (Figure 1 ). These observations prompted us to examine the potential role of IL-21R in the pathogenesis of allergic skin inflammation in a mouse model that is dependent on e.c. sensitization with antigen application to skin mechanically injured by tape stripping. Both tape stripping (mechanical injury) and application of acetone/dibutylphthalate (chemical injury) modestly upregulated Il21 mRNA expression and strongly upregulated Il21r mRNA expression in mouse skin (Figure 2, A and B) . We showed that, in addition to CD4 + cells, mast cells are a potential source of IL-21 in skin, and that the keratinocyte-derived cytokine TSLP upregulated IL-21 expression in mast cells ( Figure 2E ). Increased expression of IL-6 and TSLP after skin injury may upregulate IL-21 expression in skin CD4 + cells and mast cells, respectively. Il21r mRNA is expressed by keratinocytes, T cells, BMDCs, and mast cells (refs. 37-39 and our unpublished observations). One or more of these cell lineages may account for increased expression of Il21r mRNA after skin injury.
Il21r -/-mice were severely deficient in their ability to develop allergic skin inflammation following e.c. sensitization. Dermal infiltration with CD4 + T cells and eosinophils and Th2 cytokine expression in OVA-sensitized skin sites severely decreased in these mice (Figure 3, A, B, and D) . In addition, upregulation of Il17 mRNA, which we recently described in e.c. sensitized skin of WT mice (40), was not observed in Il21r -/-mice (data not shown). Il21r -/-mice also failed to upregulate local expression of TARC and eotaxin-1 ( Figure 3C ), key chemokines involved in homing to skin of T cells and eosinophils, respectively, whose expression is induced by IL-4 and IL-13 (25, (41) (42) (43) . The impaired response of Il21r -/-mice to cutaneous sensitization was not restricted to OVA. Il21r -/-mice had a significantly diminished cutaneous hypersensitivity response to the hapten oxazolone (Supplemental Figure 1) , which suggests that IL-21R is important for the response to antigens other than OVA introduced through the skin.
The failure of Il21r -/-mice to develop allergic skin inflammation was likely caused by their severely impaired systemic response to e.c. sensitization. Splenocytes from Il21r -/-mice failed to proliferate and secrete both Th2 and Th1 cytokines in response to OVA stimulation in vitro (Figure 4, A and B ). This contrasts with the reported normal secretion of Th2 cytokines and elevated secretion of IFN-γ by splenocytes from these mice after i.v. or s.c. infection with parasites that migrate to tissues and after i.p. immunization with soluble antigen (8, 9) . This suggests that the impaired Th response of Il21r -/-mice may be selective to the e.c. sensitization route. Consistent with the impaired systemic Th response to e.c. sensitization, OVA-specific IgG1, IgG2a, and IgE antibody responses were severely impaired in Il21r -/-mice ( Figure 4C ), and these mice failed to develop airway inflammation and methacholine hypersensitivity in response to inhalation challenge with OVA ( Supplemental Figure 6 ). It has previously been reported that IL-21 suppresses Treg function (44) . We found that the percentage of CD4 + Foxp3 + Tregs slightly decreased in the spleens of Il21r -/-mice (5.9% ± 0.6%, n = 4) compared with WT controls (7.3% ± 0.5%, n = 5) and that the ability of CD4 + CD25 + cells to suppress the proliferation of CD4 + CD25 -cells was intact in Il21r -/-mice (data not shown). Thus, it is unlikely that excessive activity of Tregs contributed to the impaired T cell response of Il21r -/-mice to e.c. immunization.
Il21r -/-T cells that bear a transgenic TCR for SMARTA2 proliferate normally in response to antigen in vitro (9) . We found that Il21r -/-DCs supported normal proliferation and cytokine secretion by TCR transgenic WT T cells ( Figure 5A ), which indicates that IL-21R signaling is not important for DC/T cell interaction in vitro. However, DC/T cell interaction in vivo after e.c. sensitization was deficient in Il21r -/-mice, as evidenced by impaired accumulation of adoptively transferred TCR-OVA transgenic T cells in DLNs of OVA-sensitized skin in these mice ( Figure 5, B and C) . We formally demonstrated a defect in the trafficking of skin DCs to DLNs, as evidenced by significantly impaired accumulation of CD11c + FITC + cells in DLNs of Il21r -/-mice after FITC painting of skin ( Figure  6 , A-C, and Supplemental Figure 2A ). CD11c + FITC + cells in DLNs likely represent skin DC emigrants rather than LN resident DCs that picked up FITC conveyed through lymphatic conduits (45) . CD11c + FITC + cells in DLNs in Il21r -/-mice were too few to allow direct examination of their antigen-presenting function; thus we cannot formally rule out a role for IL-21/IL-21R interactions in the polarization of skin DCs. IL-21 has previously been reported to inhibit the ability of BMDCs to activate T cells in vitro and to elicit contact hypersensitivity when injected into WT mice (46) . It has also been reported that Il21r -/-mice immunized s.c. with trinitrophenyl hapten-keyhole limpet hemocyanin (TNP-KLH), then challenged on the footpad 6 days later, exhibit increased footpad swelling and IFN-γ production in DLNs (47). These 2 reports suggest that IL-21 may inhibit contact hypersensitivity, but neither of them examined DC migration from skin. Injection of mouse recombinant IL-21 i.d. in the skin of WT mice at the site of FITC application did not result in increased migration of FITC + DCs to DLNs (Supplemental Figure 7) , which suggests that sufficient IL-21 is released in WT skin for optimal DC migration.
The defect in the trafficking of skin DCs to DLNs was cell intrinsic, at least in part, because the number of donor-derived CD11c + FITC + cells that accumulated in DLNs was less in Il21r -/-→WT than in control WT→WT BM chimeras ( Figure 7D) . However, the defect in DC trafficking was less pronounced in the Il21r -/-→WT chimeras than in Il21r -/-mice ( Figure 7, A and D) , which suggests a contribution by nonhematopoietic cells to the trafficking defect of skin DCs in Il21r -/-mice or a bystander effect of residual DCs of recipient origin.
Migration of skin DCs to DLNs is regulated by the interaction of the chemokines CCL19 and CCL21 with their receptor, CCR7 (27, 31) . Expression of CCR7 by skin CD11c + DCs was upregulated by mechanical injury in WT mice ( Figure 8A ). This upregulation was severely impaired in Il21r -/-mice and was associated with impaired ability of DCs to migrate toward CCR7 ligands (Figure 8, A-C) . Furthermore, CD11c + FITC + cells isolated from DLNs of shaved skin painted with FITC had impaired CCR7 expression ( Figure 6D ). STAT3 is activated by IL-21 (48) , and the CCR7 gene contains a conserved STAT-binding consensus sequence (TTCN 2-4 GAA) in its 5′ upstream region. However, although Il21r mRNA is expressed in BMDCs (39), we were unable to detect IL-21R surface expression on DCs isolated from mouse skin by FACS or to detect upregulation of CCR7 on these DCs or on BMDCs by IL-21 (data not shown). In light of its critical role in CCR7 expression by skin DCs in vivo, the failure of IL-21 to induce CCR7 on BMDCs in vitro suggests that IL-21R is necessary, but not sufficient, for CCR7 upregulation by skin DCs in injured skin. IL-21 could target one or more non-DC skin cells, which may in turn induce CCR7 expression on skin DCs. Alternatively, signaling by surface IL-21R expressed below the FACS detection limit could synergize with an additional signal to upregulate CCR7 expression on DCs, as suggested by the observation that IL-21 synergizes with TCR signaling to cause upregulation of CCR7 on CD8 + cells (49) . The latter scenario is consistent with both DCintrinsic and nonintrinsic components to the DC trafficking defect.
Migration of DCs from skin to DLNs is dependent on the activation of MMPs (32) . IL-21 activated MMP2, but not MMP9, in cells from epidermis and dermis of WT mice, but not Il21r -/-mice ( Figure 8D ). Lack of MMP2 activation in the skin by IL-21 may contribute to defective trafficking of DCs to DLNs in Il21r -/-mice. IL-21 caused no detectable activation of MMP2 or upregulation of its level in BMDCs, suggesting the involvement of cells other than DCs in IL-21-driven MMP2 activation in the skin.
The defects in the immune response of Il21r -/-mice to e.c. sensitization were reproduced in WT mice treated with IL-21R:Fc (Figure 9 , A-E). More importantly, DC migration from skin to regional LNs was significantly impaired in WT mice treated with IL-21R: Fc ( Figure 9F ). These results rule out developmental effects as an explanation for the impaired response of Il21r -/-mice to e.c. sensitization and for the impaired trafficking of skin DCs in these mice.
AD is initiated and perpetuated by recurrent mechanical injury inflicted by scratching and introduction of antigens via the skin (50) . We showed here that skin injury upregulated Il21r mRNA expression, and to a lesser extent Il21 mRNA expression, in skin and that IL-21R was critical for the upregulation of CCR7 expression by skin DCs and for their migration to DLNs, where they initiated the immune response to e.c. introduced antigen that results in allergic skin inflammation. Increased expression of IL-21 and IL-21R in AD lesions as a result of infiltration by inflammatory cells and possibly scratching could further enhance the migration of DCs that carry antigens from lesional skin to DLNs. This may result in further and more efficient sensitization to environmental allergens that would exacerbate and perpetuate the disease. Blockade of IL-21/IL-21R interaction in the skin could be a useful strategy for the prevention of cutaneous sensitization in AD.
Methods
Expression of IL-21 and IL-21R protein in human skin. Skin biopsies were obtained from normal donors undergoing surgery and from skin lesions of patients with AD at the University of Bonn after securing informed consent. Heat-induced antigen retrieval of multiple 4-μm sections of human skin was performed in pH 9 heated retrieval solution for 10 min. The recovered sections were stained with polyclonal rat anti-human IL-21, polyclonal rat anti-human IL-21R, or rat Ig control (eBiosciences). The immunoreaction was revealed by a standard LSAB-alkaline phosphatase method (LSAB2; Dako) using fast red as chromogen. The slides were read blinded. Cutaneous expression of IL-21 and IL-21R was scored semiquantitatively (0, no expression; 1, weak expression; 2, moderate expression; 3, strong expression) as described previously (51) . All skin samples were obtained after securing informed consent from individuals in accordance with the ethics committee from the medical center of the FriedrichWilhelms University of Bonn.
Mice. Balb/c and C57BL/6 WT mice and DO11.10 TCR transgenic mice were purchased from Charles River Laboratory. SJL-PtprcaPep3b/BoyJ (CD45.1 congenic) mice were purchased from Taconic Farms. Il21r -/-mice on Balb/c and C57BL/6 backgrounds were generated as reported previously (52, 53) . All mice were kept in a pathogen-free environment and fed an OVAfree diet. All procedures performed on the mice were in accordance with the Animal Care and Use Committee of the Children's Hospital Boston.
e.c. sensitization. Female mice (4-6 weeks old) were sensitized e.c. as described previously (24) . Briefly, the back skin of anesthetized mice was shaved and tape stripped 6 times. OVA (100 μg, Grade V; Sigma-Aldrich) in 100 μl normal saline or placebo (100 μl normal saline) was placed on a patch of sterile gauze (1 × 1 cm), which was secured to the skin with a transparent bio-occlusive dressing (Tegaderm; Westnet Inc.). Each mouse had a total of 3 1-week exposures to the patch separated by 2-week intervals. Mice were sacrificed immediately at the end of the third cycle of sensitization, on day 49.
Histological and immunohistochemical analysis of mouse skin. Skin specimens were fixed in 10% buffered formalin and embedded in paraffin. Multiple 4-μm sections of skin were stained with H&E by Histo-Scientific Research Laboratories. CD4 staining of skin sections was performed as previously described (24) . Eosinophils and CD4 + cells were counted blinded in 10-15 high-power fields at ×600 magnification.
Derivation and activation of BMMCs. BMMCs were obtained as previously described by culturing BM cells in WEHI-3-conditioned medium as a source of IL-3 (54). After 3-5 weeks of culture, more than 90% of the cells were mast cells, as evidenced by FACS analysis for IgE receptor using PEconjugated anti-mouse FcεRIα (catalog no. 12-5898-82; eBiosciences). For activation of BMMCs, 1 × 10 6 cells were incubated overnight with 0.25 μg mouse IgE anti-DNP mAb (clone no. SPE7; Sigma-Aldrich). The next day, the cells were washed with medium, and IgE antibody was cross-linked with 30 ng/ml DNP-HSA (Sigma-Aldrich) for 8 h.
Quantitative RT-PCR for cytokines, chemokines, and receptors. Specimens of skin and lung 100 mg in weight were homogenized using a Polytron RT-3000 (Kinematica; AG) in lysis buffer solution provided in the RNAqueous Extraction Kit (Ambion Inc.). Reverse transcription was performed using iScript cDNA synthesis kit (BioRad). PCR reactions were run on an ABI Prism 7300 (Applied Biosystems) sequence detection system platform. Taqman primers and probes were obtained from Applied Biosystems. The housekeeping genes β2-microglobulin and GAPDH were used as controls. Relative gene expression was determined using the method described by Pfaffl (55) .
Il21 and Il21r mRNA expression in different cell types by RT-PCR. BMDCs and BMMCs were prepared according to previously described protocols (56, 57) . PCR reactions were performed on cDNA using RT-PCR primer sequences for the following mouse genes: Il21r, 5′-GGACAGTG-GCCCATAAATCAAG-3′ and 5′-AATTCTTTGGGTGTCCTTTTCTCA-3′; Il21r, 5′-AGTGCCCCAGCCTAAAGAAT-3′ and 5′-ACTGAGTATGCT-GGGGTTGG-3′; Gapdh, 5′-ATGACATCAAGAAGGTGGTG-3′ and 5′-CATACCAGGAATGAGCTTG-3′. The number of PCR cycles was 40 for Il21 and 35 for Il21r and Gapdh.
Serum antibody determination. The BD Biosciences - Pharmingen protocol for sandwich ELISA was used to quantify serum total Igs. OVAspecific IgG1, IgG2a, and IgE antibodies were determined by ELISA as previously described (24) .
Cell culture, proliferation assay, and in vitro cytokine production. Single-cell suspensions of spleen cells were cultured in complete RPMI 1640 (JRH Biosciences Inc.) supplemented by 10% FCS, 1 mM sodium pyruvate, 2 mM l-glutamine, 0.05 mM 2-mercaptoethanol, 100 U/ml penicillin, and 100 μg/ml streptomycin at 2 × 10 5 /ml in 96-well plates or 2 × 10 6 /ml in 24-well plates in the presence of 50 μg/ml OVA. Proliferation was measured in triplicate wells of 96-well plates by [ 3 H]-thymidine incorporation after 72 h of culture. Cytokine secretion in supernatants from 24-well plates after 96 h of culture was determined by ELISA according to the manufacturer's instructions (BD Biosciences - Pharmingen).
In vivo assessment of antigen-specific T cell accumulation. OVA-specific DO11.10 CD4 + T cells sorted using mouse CD4 + Miltenyi isolation kit were injected i.v. into WT Balb/c or Il21r -/-recipients that were immediately tape stripped and sensitized with 100 μg OVA or saline on dorsal skin. In vivo accumulation of adoptively transferred cells in the inguinal LNs was analyzed by FACS staining using the anti-clonotypic mAb KJ1.26 (eBioscience).
In vitro assessment of APC function of DCs. CD11c + DCs were sorted from skin DLNs of WT or Il21r -/-mice using Miltenyi mouse CD11c beads and cocultured with WT DO11.10 CD4 + T cells at a 1:10 ratio in the presence of graded concentrations (0, 10, 100, and 1,000 ng/ml) of OVA323-339 peptide. After 96 h, T cell proliferation and cytokine production were measured as described above.
In vivo assay for migration of skin DCs. The dorsal skin of individual mice was shaved, or shaved and tape stripped, followed by application of 100 μl of 10 mg/ml FITC dissolved in 1:1 acetone/dibutylphthalate (SigmaAldrich). At 24, 48, 72 , and 96 h, inguinal LNs were isolated by digestion at 37°C for 1 h with a cocktail of 0.1% DNase I (fraction IX; SigmaAldrich) and 1.6 mg/ml collagenase (CLS4; Worthington Biochemical). Single-cell suspensions were incubated with Fc-block (FcgRII/III mAb 2.4G2) for 15 min and stained with antibodies to CD11c, MHC class II, CD11b, CD19, and Langerin (all from eBioscience) as well as B220 (BD Biosciences). The stained cells were washed and analyzed on a FACSCanto flow cytometer (BD).
BM reconstitution assay. Red blood cell-free BM cells (1 × 10 6 ) from CD45.2 + WT or Il21r -/-mice on C57BL/6 background were injected i.v. into lethally irradiated CD45.1 congenic SJL-PtprcaPep3b/BoyJ mice as previously described (58) . Recipients were kept in autoclaved cages and fed with trimethoprim sulfamethoxazole-containing water for 9 weeks.
Analysis of epidermal and dermal cells. Preparation of dermal and epidermal sheets was performed as described previously (59) . Unmanipulated ears or ears taken 6 or 12 h after tape stripping were floated on 0.25% trypsin and 2.2 mM EDTA for 25-45 min at 37°C, and epidermis was peeled off. After separation, epidermal and dermal sheets were further incubated in RPMI 1640 containing 10% FCS at 37°C for 1 and 2 h, respectively. Singleear cell suspensions were stained with Abs for MHC class II, CD11c, and CCR7 (Serotec) as well as CXCR4 and IL-21R (BD Biosciences), followed by FACS analysis. Total ear cell suspensions were subjected to cell sorting for CD11c + population, which were analyzed for CCR7 and CXCR4 mRNA expression by real-time PCR.
Chemotaxis assays. Chemotaxis assays were performed as previously described (60) . Single-cell suspension of total ear cells was placed into the upper compartment (1 × 10 6 cells/well) of Transwell inserts (Costar). The lower compartment contained medium plus 200 ng/ml CXCL12, 250 ng/ml CCL19, or 250 ng/ml CCL21 (R&D Systems) in RPMI 1640 containing 0.25% BSA. Cells were allowed to migrate for 2 h at 37°C. Input cells and migrated cells were stained with Abs for MHC class II and CD11c. Cells were counted by timed acquisition (600 s per sample) on a FACSCanto flow cytometer (BD).
MMP activity. MMP activity was determined by gelatin zymography. Briefly, supernatants of epidermal cells incubated 24 h with or without IL-21 were electrophoresed on SDS-PAGE gel containing 0.1% gelatin. Gels were treated with 2.5% Triton-100 for 30 min at room temperature, followed by an incubation with zymogram developing buffer containing 50 mM Tris-HCl, 0.2 M NaCl, 5 mM CaCl2, and 0.02% Brij35 at 37°C. Finally, the gel was stained with 0.5% (w/v) Coomassie Blue R-250 for 30 min and destained in 50% methanol and 10% glacial acid.
In Statistics. Statistical analysis for human immunohistology was performed using SPSS software (version 14; SPSS Inc.). The nonparametrical Mann-Whitney U test was used to compare the expression of IL-21 and IL-21R in patients with AD and healthy controls. All other experiments were analyzed using the 2-tailed Student's 2-sample t test or ANOVA with Prism software (version 4; GraphPad). Results are expressed as mean ± SD. A P value less than 0.05 was considered significant.
